. 2017. Analysis of Brassica oleracea early stage abiotic stress responses reveals tolerance in multiple crop types and for multiple sources of stress.
INTRODUCTION
Climatic uncertainty and escalating frequency of drought, flooding and other sources of abiotic stress are leading to large scale losses and unpredictability in production scheduling in a large range of fresh produce crops. As such, improving the environmental tolerance of crops is becoming of increasing importance. 1 The selection of stress-tolerant lines is therefore important for providing novel genetic material for breeding programmes that will produce cultivars with future durability. Tolerance towards one type of stress would be beneficial but the identification of lines showing resistance to multiple stresses would be additionally advantageous in developing climatically resilient varieties.
Brassica oleracea represents a group of important food crops that includes cabbage (B. oleracea L. var. capitata), cauliflower (var. botrytis), broccoli (var. italica), kale (var. acephala), Chinese kale (var. alboglabra), Brussels sprouts (var. gemmifera) and kohlrabi (var. gongylodes) amongst others. B. oleracea cultivars are generally considered to be cool-season crops and therefore would be expected to suffer during periods of higher temperature, 2 but they may also be sensitive to extremes of drought, waterlogging, salinity, cold or other sources of abiotic stress.
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Temperature during the growth period has been shown to impact upon the growth of B.
oleracea crops. For example, cabbage plants have been found to show reduced disease tolerance and lower yields at high temperatures. 3 Both low and high temperatures have been reported to affect stomatal conductance and fresh weight in cabbage and kale, but with kale appearing more susceptible to changes in air temperature than cabbage. 4 Previous studies have highlighted the requirement for correct water balance in maximising B.
oleracea productivity. Drought stress in cauliflower led to reduced seed germination, shoot and root length and biomass, 5 stomatal conductance, transpiration, curd growth and dry matter. [6] [7] In
Chinese kale, both water deficit and waterlogging led to reduced leaf area, fresh and dry weight and leaf number, with drought leading to darker leaves and closed stomata. 8 Short periods of waterlogging stress lead to cultivar differences in cauliflower and broccoli in variables including heading percentage, yield per unit area, root dry weight, protein expression and growth scores. [9] [10] [11] High salinity has been found to decrease shoot and root length, dry weight and fresh weight in cauliflower, [12] [13] [14] [15] broccoli, 14 kale 16 and cabbage. [17] [18] [19] [20] This study analysed the drought, flooding, salinity, heat and cold stress tolerance of This article is protected by copyright. All rights reserved.
The establishment of Brassica transplants in the field is essential for successful crop production.
Adverse conditions early in growth can lead to negative effects on crop development and ultimately to decreased crop uniformity, delays in harvest time and reductions in yield. Because of this, the lines were subjected to short periods of abiotic stress at the 3-4 true leaf stage and their subsequent growth assayed. The stresses were chosen to reflect the range of transient abiotic stress that may be experienced by young plants, particularly following transplanting into the field. The treatments represented, a period of water stress due to either low or high levels of water in the soil at planting, limited seawater ingress, heat and cold stress. The stress methodologies were chosen as a balance between the ability to rapidly screen large number of seedlings and imposing a stress that as far as possible represents stress conditions that may be encountered in the field. The study represents the use of a rapid screening methodology which focuses on the growth responses of the lines, a key trait both for growers and for highlighting material for further investigation and use in the breeding of varieties with increased stress tolerance. We hypothesised 1) that lines of the DFFS would exhibit a range of responses to the different stresses, exhibiting different degrees of tolerance to each stress and that 2) some lines may exhibit tolerance to multiple stresses. The study also investigated the relationship between responses to the different stresses and the importance of crop type in abiotic stress tolerance.
Given the different growth habits of the crop types, we further hypothesised that 3) the different crop types contained within B. oleracea would respond differently to the different stresses.
This paper demonstrates the value of the DFFS -which allows the same genotype to be screened against different environments in a controlled manner and therefore allows assessment of the genetic variation in stress response within B. oleracea -the DFFS is derived form a core collection representing the variation held in gene bank collections and is a unique resource which allows screening of fixed genotypes in varying environmental conditions.

EXPERIMENTAL
Plant Growth
Lines of the Vegetable Genetic Improvement Network (VeGIN 
Stress Treatments
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Short term stress treatments were imposed to provide a stress shock to the B. oleracea seedlings at the three-four true leaf stage. This approach aimed to reflect stresses that occur upon the planting of B. oleracea transplants into the field. The need to provide a rapid screening methodology that would allow large numbers of plants to be treated at an early stage was balanced against the provision of a stress reflecting a real-life situation. We consider that such a rapid screening method is useful for initial identification of promising lines that can subsequently be assayed for responses to longer term stress impositions. The plants were 
Measurements and analysis
At the end of the experiment, the number of true leaves on each plant was counted and the overall height of each plant was measured. The fresh and dry weight of each plant was recorded
Accepted Article Some lines also exhibited extreme responses to more than one stress (Table 2) , agreeing with our second hypothesis, with a number of lines appearing to be resistant to multiple abiotic stresses, for example, line 15 was among the five most resistant lines for fresh weight for the drought, flooding and salinity stresses, while line 47 showed the same result for cold, drought and heat stress. As seen in Table 2 , in most cases, the combination of stresses that each line was sensitive or resistant to was not consistent, providing no clear evidence that resistance to one stress is associated with resistance to additional stresses. Indeed, in the drought, flood and
Accepted Article salinity assay, for each of the measured variables, no correlation between the different stresses was found to be greater than 0.5. Some lines are found to be amongst the most resistant for some stresses yet amongst the most sensitive for others, for example, line 52 is amongst the most cold resistant but heat sensitive with regards to relative dry weight. However, line 47 is amongst the most resistant to both cold and heat in terms of relative dry weight, indicating that a tolerance of either heat or cold is not always associated with sensitivity towards the other.
Tolerance of extremes of temperature appears to therefore take to form of either tolerance of one specific extreme at the expense of sensitivity towards the other extreme, or that tolerance to both extremes of temperature can also be observed.
For relative leaf number for the heat and cold assays, however, extreme lines were found to be largely the same for both stresses. For this subset of twenty lines, the data for relative leaf number showed a Pearson's correlation coefficient of 0.80 (P ≤ 0.001), indicating that lines able to produce leaves after heat stress are also able to do so after cold stress and could reflect a shared extreme temperature response. In addition, for the subset of lines also assayed for heat and cold tolerance, the response of relative dry weight showed a correlation (0.51-0.58) between the drought, flood and salinity stresses, suggesting a possibility of underlying characteristics in This article is protected by copyright. All rights reserved.
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For some lines, periods of stress could prove beneficial. Mild abiotic stresses have the potential to be used for 'priming' plants to increase subsequent growth or stress tolerance, for example, hardening of transplants using low temperature or reduced irrigation prior to planting out in the field is commonly used to increase crop stress tolerance by activating plant stress responses, [22] [23] such as cryoprotective proteins. 24 Such an approach has found promising results in a number of B. oleracea crops. 23, 25-28 However, different crop species or even cultivars may respond differently to stress and so require different hardening conditions. The method of hardening used can also affect results. Stress tolerance acquired by hardening can be lost (deacclimation)
by subsequent periods of non-stressful conditions. 29 Further investigation is required to determine if the short periods of stress provided by the assays used in this study could be used for priming to improve subsequent stress tolerance.
CONCLUSIONS
This paper demonstrates the value of the DFFS -which allows the same genotype to be screened against different environments in a controlled manner and therefore allows assessment of the genetic variation in stress response within B. oleracea. The results show that the lines of the DFFS exhibit a range of responses to the different stresses, agreeing with our first hypothesis. Such sets of lines therefore represent a useful resource for the identification of stress resistant genetic material for crop breeding programmes. Some lines showed resistance to multiple stresses, agreeing with our second hypothesis. Resistance was found to a maximum of three different stresses, however, no lines were found to be amongst the five most resistant lines for four or more stresses, raising implications for breeding for tolerance to different climatic extremes. In disagreement with our third hypothesis, abiotic stress tolerance in B. oleracea seedlings appears to be largely independent of crop type, which is an important result for developing more robust lines in multiple crops. In the field, abiotic stress is unlikely to occur solely as one particular type and likely represents a combination of factors e.g. heat and drought
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